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 Related: Implementation and Evolution.

— Existing fixed-scale fits with no evolution.



TMD-Factorization

« TMD Parton model intuition (Drell-Yan):

\ //‘f’/le T k2T N qT

Leading order No evolution
hard part

Generalized Parton Model
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Related: Implementation and Evolution.

— Existing fixed-scale with no evolution.

— Existing “old fashion” implementations of Collins-Soper-Sterman
formalism.
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Evolved Cross Section:

Contrast: Typical appearance of Collins-Soper-Sterman formalism:

(1985)
do ~ / d?b e tPrar

L di
;13'1 (ml/x17 *7,Ub b, g(,ub))f]/Pl(ajlhub)
L di
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exp [—gk( ) ng—o — g1(21,0) —92(37275)]

+ Large g term

12



Status:

Complicated issues involved in defining TMDs.
— Divergences.
— Wilson lines / gauge links.
— Universality / Non-universality.

— Much progress! (see pre-DIS talks)

Related: Factorization and Universality:
— Semi-Inclusive deep inelastic scattering.
— Drell-Yan.

— e'*/e-annihilation.

- prp e X ||

Related: Implementation and Evolution.

— Existing fixed-scale with no evolution.

— Existing “old fashion” implementations of Collins-Soper-Sterman
formalism.

How are these related? How to connect to phenomenology? 13



What is heeded?

« TMD Parton model intuition (Drell-Yan):

WHY = Z ’%f(Q)2’MV / d2k1T d2k2T Ff/p2 (a:l,le) Ff/Pg ($2,k2T)><
f

_ L x 0 (ki + kot — qr)
« Using newest definitions:

W = 37 [ (Q: )
f

X / d*kyr d*Kor EFy/py (71, ki p; C1) Ff/P2 (72, kor; 15 C2)

x 63 (kyir + kor — qr)
+Y(Q,q7r) + O(A/Q)%).
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What is heeded?

« TMD Parton model intuition (Drell-Yan):

WHY = Z ’%f(Q)2’MV / d2k1T d2k2T Ff/p2 ($1,k1T) Ff/Pg (wg,kQT)X
f

_ L x 0 (ki + kot — qr)
« Using newest definitions:

W = |1 (Q; )2 |
f

/ d*kir d°kor Fyyp, (v1, kar; 115 G1) Fryp, (22, Kor; 115 G2)

X 5(2)(1{11\4— kor —ar)

Process dependence +Y(Q,qr) + O((A/Q)%).

in hard part Universal PDFs 15
with evolution




TMD PDF, Complete Definition:

Frip(x,b; s Cr) =

Rkl

“Unsubtracted”

_/

Implements Subtractions/Cancellations

From Foundations of Perturbative QCD , J.C. Collins, }
16

See also, Collins, TMD 2010 Trento Workshop



Our Strateqy:

« Use evolution to extrapolate between existing fits, to build
unified fits that include evolution.

(S.M. Aybat, TCR (2011))

— PDFs:

o Start with DY:
(Landry et al, (2003); Konychev, Nadolsky (2006)) (BLNY)

 Modify to match to SIDIS:
(Schweitzer, Teckentrup, Metz (2010)) (STM)

(For detalls, see Aybat talk, pre-DIS meeting.)

o Can supply explicit, evolved TMD PDF fit.
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Evolving TMD PDFs

Up Quark TMD PDF, x= 09
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Evolving TMD PDFs

Up Quark TMD PDF, x= 09
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Evolving TMD PDFs

Up Quark TMD PDF, x=.09. Q=91.19 GeV

le | | .
— L ;_l -
i i Pt =3 O m— ()=91.19GeV| ]
E m? = (Gaussian Fit —§
“o001k -
(@) = -
S - :
[l — :
Z 0001E -
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0001

0

\ )

Y

Gaussian fit good at small k.
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Unambiguous Hard Part

« Higher orders follow systematically from definitions:

W = 1 (Q; 1/ Q)" Fyyp, ® Fy/p,

Wi
H 7 2\py
) |7 (Q;1/Q)] From @ Frm

21



Unambiguous Hard Part

e Definition:

H (s ) QP = —
! i Ff/P1®Ff/P2

e Drell-Yan: (MS)
M (Q; 1/ Q)M =

Cra 2
et Hg " <1+ P

B In (Q*/p*) — %1n2 (Q°/n?) — 4+ %D +0(a})
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e Definition:

e Drell-Yan:

Unambiguous Hard Part

W

H 7 2\py
H(Qs 1/ Q)7 From @ Frm

(MS)

Hy(Qs 1/ Q) =

g (1

e SIDIS

CFas

[gln(Cf/,u ) ——ln (Q%/u?) — 4+

Hy(Qs1/Q) ™ =

e} Hg 1" (1 +

2

2

”—D + 0(a?)



Unambiguous Hard Part

o Definition:
W
Hy(Q; 1/Q)°|H =
M (Q;p/Q)7 Fym ® Fr /o
* Drell-Yan: (MS) Space-like photon!
H i (Q; 1/ Q)M =
Cras
e2 | H2|H <1+ - Bln (@%/u*) — —ln (@Q%/u*) — @’ + O(ay)
e SIDIS

Hy(Qs1/Q) ™ =

e} Hg 1" (1 +




Long-Term Goal:

* Repository of new TMD fits with evolution.

 Based on well-understood operator definitions.

— Take Collins definitions.

25



Agenda:

Improve fits. Combine SIDIS, DY, e*e" in global fit.

Extend to higher orders. Gaussian fits.

Extend to polarization dependent functions (Sivers, Boer-

Mulders, etc...).
TMD gluon distribution.

Factorization breaking??

Updates to appear at:

https://projects.hepforge.org/tmd/
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Thanks!
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Backup Slides
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Understanding the Definition:

« Start with only the hard part factorized:

Naive Factorization:

do = [H[* Fy***P(y1 — (—00)) x E3***P(+00 — yo).



Understanding the Definition:

« Start with only the hard part factorized:

Naive Factorization:

do = [H[* Fy***P(y1 — (—00)) x E3***P(+00 — yo).

<
-_—
<€ } >
Y = —00 y=20 Yy = +00
\ J
Y



Understanding the Definition:

« Start with only the hard part factorized:

o — e TR0 = (o) x B oo — )
S(400, —00)




Understanding the Definition:

« Start with only the hard part factorized:

o — e TR0 = (o) x B oo — )
S(400, —00)

e Separate soft part:

unsub (L rrunsub .
do = ‘H‘Q Fl (yl ( OO)) > F2 (+OO y2)

\/§(+oo, —00) \/§(+oo, —00)




Understanding the Definition:

« Start with only the hard part factorized:

o — e TR0 = (o) x B oo — )
S(400, —00)

e Separate soft part:

unsub (L rrunsub .
dO' — ‘H‘Q Fl (yl ( OO)) > F2 (+OO y2)

\/S(+oo, —00) \/§(+oo, —00)

e Multiply by:  1/5(+00..) §(ys, —00)
\/g(—i—oo,ys) g(y& _OO)




Understanding the Definition:

Start with only the hard part factorized:

o — e Y01 = (o) x B oo — 35)
S(400, —00)

Separate soft part:

unsub (L rrunsub .
dO' — ‘H‘Q Fl (yl ( OO)) > F2 (+OO y2)

\/S(+oo, —00) \/§(+oo, —00)

Multiply by: /(00 :) §(ys, —00)
\/§(+OO7 yS) g(y& _OO)

. _ 2 unsub (L g(—|‘00,ys)
Rearrange factors: do = |%| {F1 (1 — ( oo))\/ g(—l—oo,oo)g(ys,oo)}

w J fumsub( g(y& _OO)
{F2 (+ y2)\/5«(_|_oo,_oo)g(+<>0,ys)}
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Understanding the Definition:

Start with only the hard part factorized:

o — e TR0 = (o) x B oo — )
S(400, —00)

Separate soft part:

unsub (L rrunsub .
do = ‘H‘Q Fl (yl ( OO)) > F2 (+OO y2)

\/S(+oo, —00) \/§(+oo, —00)

Multiply by: /(00 :) §(ys, —00)
\/g(+oo7 yS) g(y& _OO)

Rearrange factors: do = |#H/|? { b (yy — (=

o) \/ _ S(+oom)
S (400, —00)S (ys, —00)

}

Separately «—
Well-defined '\x {Fémsub(+oo - yz)\/

S(y87 _OO)

S (400, —00)S(+00,ys)

}
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Evolution

« Collins-Soper Equation:

alnﬁ(x,bT’M’ C)

Perturbatively
calculable from

~

— — K . . .
O1n \/Z (bTaT.U) definition at small b
~ 1 O S(br: y—
K(brin) = 55 S*Ebei 2 003
¢ RG n T » Yn
dK ~
Ay —vx (9(1))
r- Perturbatively
— dIn F(:Ey bT; Iy C) . . 9 Cal(.:u.lgflb|e, from
dln p — _’YF(Q(/L)a C/U ) definitions
-
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TMD-Factorization

e TMD-factorization with consistent definitions:

W = M1 (Q; )M
f

X / d°kyr d*kor Fr/p, (1, ki ps C1) Ff/P2 (22, kar; 15 C2)

x 63 (kyir + kor — qr)
+Y(Q,q7r) + O(A/Q)%).



Implementing Evolution

e After evolution:

Ff/H L bTa:uv

cerp {2k i) + [ (o)1) - Yeuto(u| b B

b

X exp {gj/H(x,bT)—i—gK(bT)lng} \> C

-2/

dT ~
—Cf/j $/$ b*aluba (,Lbb))f]/H(CU,,ub)X - A

CSS matching

V1+02/02, .. Ho(br) ~ 1/b. ~ procedure
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Up Quark TMD PDF, x = .09, Q =91.19 GeV
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